Abstract-For the first time, inter-operator dependence of MRI based computational fluid dynamics (CFD) modeling of cerebrospinal fluid (CSF) in the cervical spinal subarachnoid space (SSS) is evaluated. In vivo MRI flow measurements and anatomy MRI images were obtained at the cervico-medullary junction of a healthy subject and a Chiari I malformation patient. 3D anatomies of the SSS were reconstructed by manual segmentation by four independent operators for both cases. CFD results were compared at nine axial locations along the SSS in terms of hydrodynamic and geometric parameters. Intraclass correlation (ICC) assessed the inter-operator agreement for each parameter over the axial locations and coefficient of variance (CV) compared the percentage of variance for each parameter between the operators. Greater operator dependence was found for the patient (0.19 < ICC < 0.99) near the craniovertebral junction compared to the healthy subject (ICC > 0.78). For the healthy subject, hydraulic diameter and Womersley number had the least variance (CV =~2%). For the patient, peak diastolic velocity and Reynolds number had the smallest variance (CV =~3%). These results show a high degree of inter-operator reliability for MRI-based CFD simulations of CSF flow in the cervical spine for healthy subjects and a lower degree of reliability for patients with Type I Chiari malformation.
INTRODUCTION
Abnormal cerebrospinal fluid (CSF) dynamics can result in devastating neurologic disorders such as hydrocephalus (1 in 2000 births 53 ), Chiari I malformation (CMI) (1 in 3000 48 ) and syringomyelia (1 in 8000 48 ). Investigators have begun to research the link of CSF dynamics and disease states in terms of objective parameters such as CSF velocities, 7 flow rate, 2, 21 and flow features, such as velocity jets. 18, 41 A powerful way to help understand the possible link of CSF dynamics and disease is the usage of computational fluid dynamics (CFD) based on subject-specific medical imaging of in vivo geometry and flow. 39 Although CSF dynamics have been investigated invasively for more than a century, 10 usage of MRI has enabled significant advances in recent years. Approximately 25 mL of CSF is contained within the spinal subarachnoid space (SSS) 17 where it moves in an oscillatory manner, 16, 32 with zero mean flow, synchronous with each cardiac cycle around the spinal cord. SSS CSF flow has been characterized to have a peak Reynolds number based on internal flow in a tube ranging from 300 to 400 19 and Womersley number ranging from 5 to 17. 32 Phase-contrast MRI (PCMRI) measurements have quantified the total volumetric CSF pulsation moving in and out of the intracranial space at the neck level to bẽ 0.25-1 mL. 3, 37 Peak systolic CSF flow velocities within the SSS range from~1-10 cm/s in healthy subjects.
While the CSF pulsation within the SSS is small, many craniospinal pathologies have been associated with abnormalities in CSF flow dynamics. 18, 24, 29, 41, 44 2D PCMRI has been the mainstay for in vivo analysis of CSF flow dynamics. Recent studies have also used time-resolved 3D velocity encoded phase-contrast MRI (4D PCMRI) to assess 3D CSF flow field complexities such as bisynchronous flow jets and vortices. 7, 8 To further understand the importance of CSF flow, CFD 4, 15, 20, 22, 26, 30, 32 and in vitro bench-top experiments 33, 35, 36 have been used to investigate CSF flow and quantify parameters that can be difficult to measure or that lack detail when acquired by MRI such as pressure. 38 These experimental and computational methods also enable variational analysis and application of reductionism that cannot be applied in vivo; for example, reductionism to determine the impact of anatomical features on CSF flow such as spinal cord nerve roots and denticulate ligaments. 19 In addition, these methods can be used to identify new quantitative parameters to assess disease states; for example, application of CFD in the cervical spine for CMI patients showed elevated impedance to CSF flow compared to controls. 34, 46 Uncertainty in model geometry impacts the reliability of CFD-based prediction of CSF flow. To date, CFD studies of CSF flow have relied on a single operator segmentation of the CSF space. Analysis of inter-operator dependence of CFD results has been an important part of CFD investigation of vascular hemodynamics. 1, 12, 13, 31, 39 However, analysis of interoperator dependence of MRI-based CFD results for CSF flow in the SSS has not yet been completed. To analyze this dependence, our approach was to conduct four CFD simulations based on MRI-based geometries that were manually segmented by four independent operators for a healthy subject and a representative disease case with CMI. Inter-operator agreement of the CFD results was assessed in terms of eight geometric and hydrodynamic parameters quantified at nine axial planes along the SSS.
MATERIALS AND METHODS

Ethics Statement
MRI data was acquired at the Department of Radiology of the University of Mu¨nster. The study was approved by the institutional review board of the University of Mu¨nster. Before the MRI exams were conducted, written informed consent was obtained from the healthy subject and CMI patient. MRI data were anonymized prior to post-processing.
4D PCMRI Data Acquisition
The CFD models were based on subject-specific T2-weigted MRI and 4D PCMRI measurements in the cervical spine of a healthy subject (22-years-old) with no history of neurological disorder or spinal trauma and a male CMI patient (5 years old). The healthy subject and the CMI patient are referred to as HV3 and CM4 patient, respectively in a previous study by our group. 54 All images were acquired on a 1.5 T MRI scanner (Achieva 2.6 scanner, Philips, Best, The Netherlands). In order to define the flow boundary conditions for the CFD models, 4D PCMRI measurements were acquired with a standard 16-channel head and neck coil using the sequence parameters as described in the protocol by Bunck et al. 8 In brief, a retrospective ECG-triggered, T1-weighted, segmented gradient echo sequence (T1-TFE) was used. MRI sequence parameters were as follows: TR and TE was set to ''shortest'' resulting in a TR of 8.6-9.5 ms and a TE of 5.4-6.3 ms slightly varying with encoding velocity, flip angle: 5°, acquired isotropic resolution: 1.5 mm (reconstructed voxel resolution: 1 mm). Flow velocities were encoded in anterior-posterior, in feet-head and in right-left direction. The encoding velocity was set to 10 cm/s for the healthy subject and 20 cm/s for the CMI patient. To define the cervical spine geometry for the CFD simulations, a high-resolution T2-weighted 3D, turbo spin-echo sequence (VISTA) with an isotropic spatial resolution of 0.8 was obtained.
3D Reconstruction and Mesh Generation
The 3D anatomies of the cervical SSS and craniocervical junction, including the dura mater, spinal cord and cerebellar tonsils, was reconstructed by four operators (Op. 1-4) based on the same set of T2-weighted MRI images for the healthy and patient case. All four operators had the same degree of expertise in manual segmentation. Manual segmentation in three orthogonal planes was completed using ITK Snap software (Version 2.2.0, PA, U.S.A.). The boundaries of the SSS were outlined manually on the voxels of the individual axial slices. No automated threshold-based segmentation was used and all operators used the same image contrast and display interpolation settings in the segmentation software. Vertebral arteries were included in the models near the foramen magnum. Other fine structures such as spinal cord nerve roots, blood vessels, and denticulate ligaments were not included in the segmentations. The caudal end of each model was segmented approximately 5 cm below C7 to prohibit entrance length effects within the region analyzed. See Fig. 1 for a segmentation example of the CMI patient.
After segmentation, each 3D geometry (Fig. 2) was smoothed with the Laplacian smoothing algorithm within MeshLab software (Version 1.3.0, Italy, Rome). The 3D geometries were then imported into ANSYS ICEM CFD software (Version 13.0, Canonsburg, PA) and rigid wall unstructured computational grids were generated by a single operator consisting of approximately 2 million tetrahedral elements.
CFD Simulations
For the CFD simulation inlet flow boundary condition, we selected the CSF flow waveform from the axial location with the greatest peak CSF flow rate measured by 4D PCMRI (see Yiallourou et al. 54 ). This was located at C3 for the healthy subject and C2M for the CMI patient. The flow waveform was imposed as a blunt CSF velocity profile at the caudal end of the geometries. A no-slip boundary condition was specified at the walls and a zero pressure boundary condition imposed at the model outlet (Fig. 3, cranial  end) . 25, 42 The CFD simulations were completed using ANSYS CFX (Version 13.0, Canonsburg, PA) with CSF modeled as an incompressible Newtonian fluid with fluid properties of water at body temperature (density of q = 1000 kg/m 3 and dynamic viscosity of l = 0.001 Pa s). 6, 14 Flow was assumed to be laminar. Within the CFX solver settings, second order accuracy advection scheme was implemented to solve the Navier-Stokes equations by the use of Gauss's Divergence Theorem. The time-step size was chosen to be T/ 100, where T represents the period of the CSF flow cycle. The utilized transient time-stepping scheme was second order implicit backward Euler. The root-mean square residual (RMS) was set to 10 24 as a convergence criterion. The total duration time for the completion of each CFD simulation was approximately 5 h while running in parallel on a computer with 8 cores and 12 GB of RAM. Grid and time independence were demonstrated for the above methods in an earlier study by our group for the same geometry and CFD settings. 54 Results were analyzed for the third CSF flow cycle after convergence was reached.
Data Processing
CFD results were analysed using ANSYS CFD-post (Version 13.0, Canonsburg, PA). Nine axial planes (located between the foramen magnum (FM) and C7 vertebral level) were placed along the CFD models orthogonal to the primary CSF flow direction (Fig. 3) . For each location, through-plane peak systolic velocity profiles were visualized for each of the healthy and patient CFD models. The following geometric and hydrodynamic parameters were quantified for each axial location: (a) Geometric Parameters: Cross-sectional area, A cs , and hydraulic diameter D h , based on the wetted perimeter, P WET and A cs was calculated according to Eq. (1):
In addition, a qualitative assessment of segmentation differences among the four operators for the healthy and patient geometry was completed by the following methodology. The 3D segmentations completed by the four operators were overlaid, using the original MRI coordinate system as a reference, and assessed at the nine axial planes. The geometric variation in the nine axial cross-sections was visualized by outlining the greatest difference in the location of the spinal cord and dura surface.
(b) Peak Through-Plane CSF Velocities: The maximum through-plane velocity value within each of the nine axial cross-sections was determined at two time points resulting in the calculation of peak CSF flow in the caudal (peak systolic, V sys ) and cranial (peak diastolic, V dia ) directions. (c) Reynolds Number: Reynolds number, Re, based on hydraulic diameter, D h , and V sys was quantified by Eq. (2) to assess the assumption of laminar flow for the CFD model.
where q is the density of CSF and l refers to the dynamic viscosity of CSF.
(d) Womersley Number: Womersley number, a, was computed by Eq. (3) in order to define the importance of transient inertia on the flow field.
where x is the angular velocity (x = 2*pi/T) of the volume flow waveform and m is the kinematic viscosity of CSF (m = l/q).
(e) Pressure Gradient: The unsteady pressure gradient, DP(t), was calculated across each spine segment (e.g., FM-C1). In addition, the pressure gradient over the entire CFD models from FM to C7 was obtained. Peak pressure gradient magnitude across each spine segment was also quantified. (f) Integrated Longitudinal Impedance: Longitudinal impedance, or the unsteady flow resistance, was calculated as the ratio of Fourier coefficients of the pressure gradient, F DP t ð Þ ð Þand the input flow waveform, F Q t ð Þ ð Þ at each harmonic. 34 The impedance modulus Z L was calculated for each frequency according to Eq. (4):
The resulting curves for Z L (in dyn-s/cm 5 ) for each harmonic were integrated from 1 to 8 Hz to obtain the integrated longitudinal impedance (ILI) for each of the spine segments (e.g., FM-C1) for all CFD simulations.
Statistical Analysis
Mean ± standard deviation (SD) of each parameter for the four operators was calculated for both the FIGURE 3. Axial locations of the nine planes shown on a representative segmented geometry based on the healthy subject (top). Zero pressure boundary condition was set at the cranial end. The CSF flow rate based on in vivo PCMRI measurement at C3 was used to obtain the velocity inlet boundary condition at the caudal end for all simulations.
healthy and CMI patient simulations. Statistical analysis was conducted with Minitab 16 (State College, PA) and Excel (Microsoft Office 2007, Redmond, WA). Analysis of variances (ANOVA) was used to estimate the level of inter-operator agreement for each parameter over all locations analyzed by computing the intraclass correlation coefficient (ICC) with a confidence interval of 95%. Coefficient of variation (CV) was used to quantify the parameter variability between the four operators at each of the measurement locations for both the healthy and CMI patient simulations.
RESULTS
Geometric Parameters
Comparison of geometric parameters, D h and A cs , among the operators showed agreement over the cervical spine ( Fig. 4 ; Table 1 ). Qualitative inspection of the cross-sectional geometry variations among the four operators showed that the detected dura surface location was less consistent than the spinal cord (Fig. 5) . Discrepancies in the dura surface location were greatest in the lateral SSS and in the Chiari patient near the foramen magnum. The spinal cord and dura surface locations had a maximum difference among the operators of approximately 1.0 and 2.5 mm, respectively. Agreement for D h and A cs was best near C2M for the healthy subject. In the CMI patient, agreement was best in the lower cervical spine (Table 2 ). ICC for D h and A cs was greater than 0.98 for the healthy subject; whereas for the CMI patient ICC was 0.35 and 0.83 for D h and A cs , respectively.
Hydrodynamic Parameters
Agreement of hydrodynamic parameters was better for the healthy subject geometries than the patient geometries. V sys , V dia , a, and DR and ILI, showed a strong agreement among the four operators for the healthy subject geometry, with an ICC greater than 0.92, excluding Reynolds number, Re, with an ICC of 0.78 ( Fig. 6 ; Table 2 ). V sys , V dia , a and Re showed greater variability for the CMI patient, with ICC in the patient ranging from 0.19 to 0.61 for these parameters. Hydrodynamic parameters had the lowest CV near C2M for the healthy subject and within the C4-C6 levels for the CMI patient (Fig. 7) . These alterations coincided with visual alterations in the SSS cross-sectional geometry (Fig. 5 ). Similar to geometric parameters, the agreement of V sys and V dia between the operators decreased along the spine towards the feet for the healthy subject with a maximum CV of~17% at C6 (Figs. 6 and 7; Table 2 ).
For the CMI patient, agreement of V sys and V dia between the operators decreased along the spine towards the head with a maximum CV of~27% at C2M. This location coincided with the maximum V sys and V dia (Table 1) . Maximum CV of Reynolds number occurred at C6 for the healthy subject (CV = 12.6%) and at the FM for the patient (CV = 12.6%). A maximum CV for Womersley number, a, occurred at C6 for the healthy subject (9%) and at C2M for the patient (CV = 11.5%).
Peak pressure gradient, DR, over the cardiac cycle increased along the spine (Table 3 ). The maximum CV of the DR and ILI was calculated within the C6-C7 segment for the healthy subject, while at the C1-C2M and C5-C6 segments the smallest CV occurred (Fig. 8 , Table 2 ). The opposite behavior was observed for the CMI patient, with the maximum and minimum CV of both DP and ILI occurring at C1-C2M and C5-C6 spine segments, respectively. Unsteady pressure gradient measured between the FM to C7 showed similar trends in waveform shape and magnitude for each of the operators (Fig. 8 and 9 ).
Based on qualitative inspection, CFD-computed velocity profiles for the four operators had similar trends in terms of velocity distribution around the spinal cord (anterior vs. posterior) and location of peak velocities (Fig. 10) for both the healthy and patient case. Differences in velocity profiles were most noticeable from C3 to C7 for the healthy case and from C1 to C3 and C7 for the Chiari patient case. For the healthy subject, velocity profiles from FM to C2M were nearly identical. Velocity profiles showed elevated velocities within the narrower, posterior and anterolateral, SSS of the healthy subject in all operators in a number of planes (C2P-C7). The same trend was observed in the patient case in a number of planes (e.g., C1-C4).
DISCUSSION
CFD has been used to investigate CSF dynamics in the upper cervical spine. 9, 15, 16, 19, 20, 27, 32, 34, 40, 44, 45, 54 In all of these studies, a single operator segmented the anatomic MR images that were used to create the CFD geometry. The present study is the first to quantify how much CFD results vary due to different operators making the anatomic segmentations of the MR images. Our approach was to compare CFD results from manually segmented models of the cervical spine of both a healthy subject and a CMI patient that were each created by the same group of four independent operators. The same subject-specific CSF inlet flow boundary condition was used for the four healthy CFD models and the four CMI patient CFD models. Thus, the differences in CFD results were only due to geometric variations between the operators. The analyzed geometric and hydrodynamic parameters varied substantially among the operators. However, these variations must be interpreted in context of their potential clinical application. At present, CSF dynamics have been investigated using PCMRI to stratify healthy controls vs. CMI patients and quantify the alterations in patients that occur pre-and postcraniospinal decompression surgery. Thus, the discussion in this section focuses on parameter variability in the present study compared to variability of the same parameters previously reported in CMI patients and controls. Also, when possible, parameter variability is considered for CMI patients pre-and post-spinal decompression surgery. Ideally, a parameter's variability due to different operators should be signifi- ICC intraclass operator variability, CI confidence interval, CV coefficient of variation, D h hydraulic diameter, A cs cross-sectional area, V sys peak systolic velocity, V dia peak diastolic velocity, Re Reynolds number, a Womersley number, DP pressure gradient, ILI integrated longitudinal impedance. cantly less than the sensitivity required for diagnosis and detection of the disease state and analysis of surgical treatment.
Dura Surface Segmentation is the Major Source of Variability
Inconsistent detection of the dura surface location was the most important factor leading to CFD-based parameter variability. Inter-operator agreement of the geometric and hydrodynamic parameters was better for the healthy subject geometry compared to the patient geometry. For the healthy subject, ICC agreement of all parameters was greater than 0.92 excluding Reynolds number (ICC = 0.78). These alterations coincided with visual inspection of cross-sectional area differences in the location of the dura (Fig. 5) . In general, the spinal cord surface location was detected more consistently than the dura surface among the operators. A greater inconsistency in dura surface location may be attributed to the lack of T2-weighted MR image contrast due to close proximity of epidural fat and intra-voxel averaging of CSF and fine anatomical structures such as the spinal cord nerve roots. In addition, patients with craniospinal disorders, such as CMI, can have restricted CSF flow spaces with greater geometric complexity that can make geometric segmentation of the dura difficult. Our results show that inter-operator inconsistency was greatest within the region of greatest anatomical complexity (located at the craniovertebral junction in the CMI patient). High-resolution MRI sequences 47 that are better sensitized to differentiate the tissue and fluid types (CSF vs. epidural fat) and can more accurately quantify these anatomical structures are needed to produce a more consistent geometry.
Inter-operator Impact on Geometric Parameters
Geometric assessment of the cervico-medullary junction has been a mainstay for morphometric analysis studies of Chiari malformation and syringomyelia. 50 At present, these studies have focused on 1D assessment of features in the mid-sagittal plane and thus provide a limited view of the 3D geometry presented by the spinal cord, medulla, cerebellar tonsils and dura mater. It is expected that future work will increasingly include 3D analysis of the SSS and thus, quantification of the interoperator geometric variability of manual segmentation of the SSS is crucial.
The four operators provided fairly consistent geometric reconstruction of the CSF space for both the healthy subject and the CMI patient (Fig. 5) . ICC was greater than 0.95 and maximum CV was~11% (Table 2) for D h and A cs (Figs. 4 and 6 ; Table 1 ) for the healthy subject, while for the CMI case ICC was smaller than 0.83 with a maximum CV of~13% for D h and A cs ( Table 2 ). The C2M axial location had the lowest CV in both parameters for the healthy subject, indicating that this region is more consistently seg- mented. CV increased further down the cervical spine showing that this region was more difficult to be segmented consistently. In contrast, CV increased further upper the cervical spine in the case of the Chiari patient, showing that this region was the most difficult to be segmented consistently. The present study results show that operator dependence of D h and A cs is likely not an important factor when differentiating patients from controls. A study by Bunck et al. 7 documented that A cs in healthy controls (n = 10) was~400 and~200% greater than Chiari malformation patients (n = 20) at the foramen magnum and C1, respectively (p < 0.001). Similar magnitude of differences between the Chiari patient population and controls was quantified by others. 54 In another study by Martin et al., average D h and A cs near the cervico-medullary junction were more than 200% greater in a healthy subject compared to two Chiari patients pre-spinal decompression surgery. 34 For that study, average D h and A cs was found to increase by 10-50% post spinal decompression surgery (n = 2). These changes are similar in magnitude as those seen in the present study due to the operator. Albeit, the differences observed by Martin et al. were computed for the average D h and A cs over a 2.5 cm region below the FM, thus any particular axial slice location could have a much greater difference. Also, these considerations are based on in vivo studies with few subjects and should be examined in a larger population. More detailed study of geometric alterations in D h and A cs due to CMI decompression surgery is needed.
Inter-operator Impact on CSF Velocities
Elevated peak CSF velocities have often been found near the FM in Chiari malformation. 7, 18, 24, 34, 54 Researchers have hypothesized that the elevated CSF velocities are due to FM obstruction (stenosis) by the cerebellar tonsils. 44 However, the current in vivo PCMRI measurements lack detail about the complexity of the CSF flow field. Subject-specific CFD has been applied as a tool to understand CSF dynamics in greater detail and as a potential means for disease assessment. As such, it is necessary to understand the variability of peak CSF velocities due to geometric reconstruction from different operators.
Similar to geometry, the present study results show that operator dependence of CFD-based values of V sys and V dia is likely not an important factor to differentiate patients from controls, but may be important to detect changes in velocity due to surgery. V sys and V dia showed a strong level of agreement (ICC ‡ 0.92, Fig. 7 ; Table 2 ) between the operators for the healthy subject. Peak velocities had small variance for the axial locations analyzed and had a maximum difference in the lower cervical spine (CV at C6 was <17%). The greater variance of velocity lower in the spine can be attributed to an increase in D h and A cs variance within that region and vice versa. Analysis of the peak CSF flow velocities among the four CMI patient geometries showed poor agreement (ICC £ 0.25, with a maximum CV of 27.4% at the C2M level). However, several in vivo studies have shown peak CSF velocities to be~200-300% greater in Chiari patients than controls. 7, 18, 24, 54 Thus, while the alterations due to the operator in the CMI patient are substantial, they would not wash out the expected differences seen between patients and controls.
Qualitative comparison of the through-plane CSF velocity profiles at peak systole showed similar CSF velocity patterns (Fig. 10) . All simulations showed profile skewing at some axial locations to the posterior and anterior-lateral SSS. As expected, peak velocities were inversely related with A cs and D h and locations with greater variance in A cs and D h had greater differences in velocity profiles (e.g., at C6 for the healthy subject and C2M for the Chiari subject). Greater differences in velocity profiles were located where the dura surface varied to a greater degree among the operators (compare Figs. 5 and 10 ).
Inter-operator Impact on Pressure-Related Parameters
A great deal of evidence points towards the role of abnormal pressure gradients in CSF system pathologies. Pressure differences (dissociation) within the CSF system, caused by the pulsatile intracranial blood flow and CSF motion, are complex in terms of magnitude and distribution 16 and, when abnormal, may damage tissue and result in pathologic conditions. 44 In vivo measurements have found craniospinal pressure dissociation to be elevated in CMI patients compared to controls, to decrease after surgery and to be associated with symptom improvement. 43, 51, 52 The results showed that DR reliability between the operators is likely sufficient to help detect CMI patients vs. controls, but not alterations in DR postsurgery. Unsteady pressure gradient, DR(t), between the FM and C7 showed strong agreement in terms of waveform magnitude and shape (Fig. 9 ) and axial distribution for both the healthy (ICC = 0.99, Tables 2 and 3) and CMI patient cases (ICC = 0.98, Tables 2 and 3 ). DR variance showed a similar trend as D h and A cs with the greatest CV values lower in the cervical spine (C6-C7) and the smallest CV near the cervico-medullary junction (FM-C1). The opposite occurred in the CMI patient, with the maximum CV at the upper cervical spine at C1-C2M and the smallest at C5-C6 ( Fig. 8 ; Tables 2 and 3 ). Peak DR in the CMI patient was~30% greater than the healthy subject. In comparison, CFD studies in the literature found peak DP in CMI patients to be up to 200% greater in patients than controls. 9, 34 Post surgery (n = 2), DR ranged from an increase of~10% to a decrease of~20%. 34 The presented methodology required solving the full 3D Navier-Stokes equations to obtain pressure gradients in the flow field. It should be noted that viscous effects were insignificant with Womersley number ranging from 4 to 12 (Table 1) . Thus, it is expected that DR waveforms can be predicted by A cs spatial integration of the linearized Navier-Stokes equations. 32 Unsteady resistance to CSF flow, ILI, was computed based on the inlet volume flow, Q(t), measured from MRI, and the pressure gradient, DR(t), calculated from CFD for the axial sections of each model (e.g., pressure gradient between FM to C1). 34 ILI is a hydrodynamic parameter that has been used to help objectively quantify CSF flow blockage inside the SSS for CMI patients. Similar to DR, ILI agreement was strong for both the healthy and patient case (ICC = 0.99). ILI followed the same trend as the peak pressure gradient, with the greatest CV at C6-C7 segment for the healthy subject and at C1-C2M for the patient case. In addition, CV presented the least variation at C1-C2M in the healthy subject and at C5-C6 for the CMI patient (Fig. 8) . ILI for the healthy and CMI subjects in this study ranged from 86 to 320 and from 83 to 160 dyn/cm, 5 respectively (Table 3 ) a value similar to other studies in healthy subjects. 19, 34, 45 Shaffer et al. found that ILI was more than 200% greater in CMI patients than controls (p < 0.001). In addition, Shaffer found ILI to vary by 16% for CFD studies based on geometries that were reconstructed for the same person scanned on three different MRI machines.
Inter-operator Impact on Dimensionless Parameters
The analysis of Reynolds and Womersley number is presented to help understand the hydrodynamics. These parameters are not expected to relate directly with disease states but rather are helpful to compare the present study results with the literature and validate the CFD methodology assumptions, such as laminar flow. For the healthy subject, maximum Reynolds number for all simulations was~225 and located at C6, the location where maximum V sys and minimum D h occurred. For the patient case, the maximum Reynolds number for all simulations was 400 and located at the levels C2M and C2P. Reynolds number was lower than the critical value of transition to turbulence and agreed with studies in the literature. 19, 34 Albeit, one study in the literature has noted possible transitional CSF flow features in the cervical spine. 20 For all four CFD models, Reynolds number was shown to increase with distance from the skull (Table 1) .
Womersley number, a, had a similar trend as D h (Table 1) with the maximum and minimum value at the FM and C5/C6 for the healthy subject, respectively. In addition, a was found to have the maximum and minimum values at the FM and C4/C5, respectively. Values of a found in this study are in the range reported in the literature 32, 34 with inertial effects dominating the flow field, particularly in the upper cervical spine.
Comparison of CSF Velocities Measured by 4D PCMRI and Predicted by CFD
Studies have shown that the CSF velocities measured by 4D PCMRI and predicted by CFD modeling have poor agreement. 40, 54 The CFD results for all of the operators in the present study also show poor agreement with in vivo 4D PCMRI measurements (Fig. 11) . Thus, while the CFD-based parameters were fairly consistent among the operators in the present study, the difference in operators did not explain why CFD modeling lacked agreement with in vivo measurements. In particular, the CFD-predicted CSF velocities by all operators were much smaller than those observed in vivo (compare peak velocity values in Figs. 10 and 11) . Also, anterior dominance of CSF flow and CSF flow jets were observed in vivo and not observed in the CFD results. The exact reason for these discrepancies remains unclear. The present study supports that these discrepancies are not due to operator segmentation error.
Limitations
Each operator segmented the geometry of one healthy subject and one patient with CMI that was scanned once on a single MRI machine. If the same subject was scanned in different MRI machines it is expected that different imaging parameters could have an impact on the reconstructed geometries. Thus, further studies are needed to understand the possible importance of inter-operator segmentation, magnetic field strength (1.5 vs. 3.0 and 7.0 T), MR signal-tonoise-ratio, T2 MRI sequence parameters used, and post-processing for motion compensation. Also, scanning multiple times on different machines could introduce error due to alterations in neck angulation. These factors may have an important impact on geometry and should be analyzed, but were not the subject of the present study. It should also be noted that patients with craniospinal disorders, such as CMI, often have restricted CSF spaces, with smaller areas, that can make geometry segmentation more difficult. However, the smallest A cs in the present study (1.2 cm 2 at C6, Table 1 ) was similar to that measured in CMI patients in vivo (1.2-2.4 cm 2 at the FM 34 ). Thus, we expect the variance in geometric and hydrodynamic parameters observed in the present study to be of similar magnitude for CMI patients at the FM.
Another limitation of the presented work was that the ''gold standard'' geometry was not available as a basis for assessment of geometric reconstruction accuracy. This could be assessed by conducting an in vitro study where the model geometry is known as in previous hemodynamics studies. 39 However, an in vitro model is still limited because it does not have identical properties as human tissue. Another approach could be to utilize high resolution 7T MRI 47 to better define the geometric boundaries in vivo, however in this case the ''gold standard'' geometry would still not be known.
While CFD-based simulations can provide insights into CSF hydrodynamic, they require many simplifications to the complex in vivo anatomy. CFD studies of CSF flow in the cervical spine have been conducted under geometrically simplified, 5, 28, 32 subject-specific 3D models without fine anatomical structures 19, 20, 23, 42, 49, 54 and with idealized spinal cord nerve rootlets and denticulate ligaments. 19 Spinal cord nerve rootlets and denticulate ligaments were not included in the modeling approach of the present study as these were not possible to quantify based on the MR images. 19 Thus, some of the in vivo flow features observed by MRI such as increased CSF flow velocities (jets) near nerve rootlets 11, 41, 54 were not present in the models of this study.
Our approach was to utilize the most commonly used CFD method for CSF flow modeling in order to determine the importance of segmentations done by different operators on the results. This approach included a geometry with rigid spinal cord and dura mater and subject-specific CSF flow boundary condition. However, this common CFD modeling approach should be compared with in vivo 4D PCMRI measurements in greater detail to assure that it accurately reflects the in vivo CSF flow phenomenon.
CONCLUSION
This study represents the first analysis of inter-operator dependence of MRI-based CFD modeling of CSF dynamics in the cervical spine. The findings show that the variation in geometries segmented by different operators had little impact on the CFD-based geometric and hydrodynamic parameters for a healthy subject and had greater impact on those parameters for a CMI patient. The maximum coefficient of variance for the healthy subject and CMI patient was 17% and 51%, respectively for all parameters analysed. Variability was greater in the lower cervical spine compared to the upper (CV at FM~2-5%) for the healthy subject, while the opposite phenomenon occurred in the CMI patient. When considered with respect to disease, the operator variability in the CFD-based parameters analysed was smaller in comparison to the differences observed for the same parameters quantified by in vivo MRI on CMI patients compared to controls. These results support the use of subject-specific MR-based CFD modelling of CSF flow within the cervical spine to quantify geometric and hydrodynamic parameters for potential clinical diagnostic and assessment purposes.
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